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California Institute of Technology
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Beckman Institute 139-74
Pasadena, California 91125
e-mail address is acollazo@druggist.gg.caltech.edu
ABSTRACT

Understanding the development and evolution of complex morphological characters requires broad,
multidisciplinary approaches. By combining biological imaging, phylogenetic analyses, embryological
manipulations and additional modem molecular techniques (e.g., whole mount in situ hybridization),
we can address fundamental questions, such as the determination of homology. Many of the novel
structures that evolved in vertebrates and distinguish them from their ancestors (such as jaws and the
mechanosensory lateral line) are derived embryonically from two migratory ectodermal tissues, neural
crest and/or various epidermal placodes. In particular, time-lapse cinematography of fluorescently
labeled cells in living Xenopus and fish embryos has proved a powerful technique, revealing new
information on migration and differentiation. These data allow us to reexamine the developmental
criterion for morphological homology. There are three criteria for determining morphological homology of a structure between species: position (anatomical location), development (common origin,_gene
expression and/or cell behavior), and phylogeny (identification of the structure in an outgroup). Currently the phylogenetic criterion is the most regularly employed. Previous problems with the application of the developmental criterion were based on a paucity of detailed comparative developmental
data and the overlooked assumption that ontogenies can not change during evolution and rem11in
homologous while morphologies can. Homology has been defined as similarity due to continuity of
information. The rejection of developmental data as a homology criterion is based on emphasizing
lack of similarity without considering the information on continuity provided ·by these data. Often
missing from previous analyses are the concepts of multiple developmental mechanisms in the formation of a structure (including such issues as developmental redundancies) and that ontogenies can
change during evolution. By including these two concepts in a broadly comparative analysis, such
problems as seemingly different developmental and genetic bases for homologous structures, can be
explained and are even expected. As examples of how such an analysis can be done, we compared
the development of the neural tube and lateral line among several vertebrate species. We show that
while across species a given structure's ontogeny may differ, a more broadly comparative developmental criterion using modern cell and molecular biological techniques provides a good homology
criterion. Also, we find that molecular homology alone is not yet a good basis for morphological
homology. While we would argue that a phylogenetic perspective is important (and critical for polarizing evolutionary changes), it is not essential for our usage of the developmental criterion. Thus, a
broadly comparative and detailed understanding of developmental mechanisms makes for a robust
criterion of homology.
Key words: development, evolution, homology, lateral line, morphology, neural crest, neurulation,
placode, Xenopus, zebrafish.

INTRODUCTION

Evolutionary biology still awaits integration of developmental concepts on a par with its earlier integration of genetics (Dobzhansky 1982) and systematics
(Hennig 1965; Mayr 1982) into the "new synthesis."
Even so, the number of studies and interest in the area
of development and evolution are high (Akam et al.
1994; Barinaga 1994; Bonner 1982; Goodwin et al.
1983; Gould 1977; Patel 1994; Raff and Kaufman
1983; Raff and Raff 1987) and the routine utilization
1
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of developmental data in evolutionary analysis appears
imminent. Current studies of development and evolution can be divided into two types: those of developmental biologists looking at evolution, and those of
evolutionary biologists looking at development. Each
type offers distinct methodological advantages. Developmental biologists bring modern cellular and molecular biological techniques, honed on a model system,
to bear on other species and map these results onto a
known cladogram. Evolutionary biologists use phylogenetic approaches and quantitative genetic techniques
to place developmental data within a comparative context. Typically the expertise of the individuals involved
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is different. Hanken (1993) offers a good discussion
of the limitations and advantages of each approach.
The developmental biology approach yields detailed
developmental data for only a few species, typically
model systems, limiting the phylogenetic scope of the
comparison. The evolutionary biology approach is often limited by developmental data collected using older techniques or inferred from nonliving materials.
In this paper we attempt to integrate these two approaches to developmental and evolutionary studies by
using modern cellular and molecular biological techniques within a broader phylogenetic context. It is necessary to bring new experimental methods to studies
of evolution (Zimmer 1994). This synthesis allows us
to address a major goal of developmental and evolutionary studies, to identify and begin understanding the
developmental transformations that occurred during
evolution to produce the present-day varied morphologies. We emphasize our view of what developmental
and evolutionary studies entail because of the large
variety of different perspectives and methodologies
available. For example, studies of development and
evolution encompass work on juvenile to adult morphological growth (e.g., Lessa and Patton 1989) as
well as theoretical research using quantitative genetic
techniques (e.g., Cowley and Atchley 1992). The differences among these approaches illustrate the breadth
of research done under the rubric of development and
evolution.
There are two features common to and necessary
for all developmental evolutionary studies, that is they
must be both comparative and undertaken in a phylogenetic framework. While comparative studies are
essential for the study of evolution, not all comparative
developmental studies are evolutionary, nor do they
need to be (Wake 1990). Comparative developmental
studies are important for two nonevolutionary reasons:
they reveal the generality of developmental principles,
and the amount of variation (including absence) in a
given developmental process. An example of functional understanding from comparative studies is the prediction of ribosomal RNA secondary structure (Raff
and Raff 1987). A phylogenetic hypothesis on which
developmental data are mapped allows one to propose
possible evolutionary transformations of development.
It also assists one in selecting which taxa might be the
most appropriate for further studies and comparisons.
An evolutionary issue that is particularly amenable
to analysis with developmental data is the concept of
homology (Donoghue 1992). Homology has been
called the central concept of biology yet it is difficult
to define (Wake 1994). We prefer Van Valen's (1982)
definition that homology is similarity due to continuity
of information because it is the most inclusive (Haszprunar 1992). Homology is certainly a fundamental
concept for all of comparative biology. It is the basis
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Fig. 1. Phylogeny of deuterostomes. Illustrations of representative species (not to scale) are shown. This phylogeny is derived from
several sources (Janvier 1981; Lauder and Liem 1983; Maisey
1986). The group of interest to this study is the monophyletic deuterostome clade Craniata (Janvier 1981; Kingdom Animalia), which
is identified with solid lines in the cladogram. Two vertebrate clades,
Teleostei and Amphibia, whose names are underlined, will be the
focus of our developmental studies. Four major craniate clades are
labeled on the phylogeny. (Most craniate illustrations based on Nelson 1984)

for determining characters in cladistic analyses. It is
used for determining molecular similarity. It is necessary for deciding which behaviors, structures or molecules found in different organisms are comparable.
Determining homology, however, is not a simple problem and will be a major focus of this paper.
The taxonomic group under consideration here is
the monophyletic deuterostome clade, Craniata (Janvier 1981). Craniates are by far the largest deuterostome group in terms of species number. The phylogenetic position of craniates among deuterostomes is
well accepted (Maisey 1986). Figure 1 shows a well
supported phylogeny of extant groups combined from
several sources (Janvier 1981; Lauder and Liem 1983;
Maisey 1986). The four outgroups to craniates are en-
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closed by the shaded square and, together with craniates but excepting echinoderms (sea urchins, sea stars,
sea cucumbers, etc.), form the Chordata. Within craniates, the sister taxon to Myxinoidea is the vertebrates, distinguished by such features as more than one
semicircular canal and extrinsic eye musculature (Janvier 1981). Gnathostomes are united by approximately
37 unique shared derived characters (synapomorphies),
the most obvious of which are jaws (Maisey 1986).
Extant jawless craniates (Myxinoidea and Petromyzontida) are considered to be paraphyletic (Janvier
1981). Beyond the jawless craniates, all craniate taxa
except for tetrapods are popularly known as "fishes."
Four vertebrate groups (Chondrostei, Ginglymodi,
Halecomorphi and Teleostei) form a monophyletic clade
called Actinopterygii, the ray-finned fishes (Fig. 1;
Lauder and Liem 1983). Most species of tetrapods are
terrestrial and have four limbs; within tetrapods the
Amniota includes mammals, birds and reptiles. Two
vertebrate clades will be the focus of our developmental studies, the actinopterygian group Teleostei, which
contains almost half of all craniate species (Nelson
1984), and the Amphibia, time-honored experimental
animals.
Most craniate synapomorphies are derived from two
embryonic tissues, the neural crest and epidermal piacodes (Janvier 1981; Maisey 1986). Both these tissues
are derived from the ectodermal germ layer and are
unique to craniates (Northcutt and Gans 1983; Selleck
et al. 1993). Neural crest and placodal cells are highly
migratory and invade many embryonic sites before
and during their differentiation (Hall and Horstadius
1988; Le Douarin 1982; Webb and Noden 1993). Together these two sources generate the peripheral nervous system (PNS) and contribute to a wide variety of
structures (Hall and Horstadius 1988; Le Douarin
1982; Webb and Noden 1993). The nose, lens of the
eye, ear, lateral line system (a mechanosensory structure found in almost all aquatic craniates) and electroreceptors form from epidermal placodes, which also
contribute to cranial ganglia (part of the PNS) (Webb
and Noden 1993). The neural crest contributes to ganglia of the PNS, adrenal medulla, most of the craniofacial skeleton, teeth, head dermis and all the body
pigmentation. It forms such cell types as neurons, glia,
chromaffin cells, pigment cells, cartilage and bone
cells (Couly et al. 1992; Hall and Horstadius 1988; Le
Douarin 1982). Many definitive synapomorphies
among the craniates are also neural crest derivatives,
for example jaws (the definitive gnathostome feature)
are formed by the neural crest.
The contribution of neural crest and placodes to
such evolutionary and systematically important characters as jaws, other head bones, gill arches, body coloration and paired sensory structures illustrates the
need for their developmental study. As we will show,
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there is still much to be discovered about their development. We will concentrate on members of two animal clades but we hope to show that these methodologies have broader applicability, even in plants though
their cells do not migrate. Ours is a two part analysis.
First we will provide new insights to embryonic processes using modern cellular and molecular biological
techniques. Second the implication of these new findings for evolutionary biology will be explored, particularly relating to the issue of morphological homology.
MATERIALS AND METHODS

Embryos

Eggs of the African clawed frog Xenopus laevis
Daudin, eggs fertilized in vitro were acquired as previously described (Krotoski et al. 1988). Embryos
were staged according to the normal table of Nieuwkoop and Faber (1967). Embryos were either dejellied
mechanically with forceps or chemically using a standard protocol (Kay and Peng 1991) and were maintained in a standard saline solution (Collazo et al.
1993). Xenopus embryos at the appropriate stage were
prepared for injection and low-light-level imaging as
previously described (Collazo et al. 1993).
Eggs were collected from wild-type zebrafish (Dania rerio Hamilton) adults by natural spawnings and
dechorinated using standard protocols (Westerfield
1993). Homozygous mutant zebrafish embryos were
acquired from natural matings of heterozygous adults
and staged according to the standard normal table
(Westerfield 1993). Zebrafish embryos were raised to
appropriate stages in 10% Hank's solution (Westerfield
1993).
Labeling Lateral Line Hair Cells

Anesthetized Xenopus and zebrafish embryos were
dipped in a solution of their respective salines saturated with 4-Di-2-Asp (Molecular Probes, Eugene, OR)
for 5 minutes. Embryos were then rinsed by transferring through two petri dishes of clean saline and imaged with low-light-level microscopy (Collazo et al.
1993, 1994).
Microinjection of Fluorescent Dyes

Microinjection of Dil (1,1-dioctodecyl-3,3,3',3'-teramethylindocarbo-cyanine perchlorate; Molecular
Probes, Eugene, OR) into Xenopus embryos was done
as previously described (Collazo et al. 1993). Two different Dil's were used (C3 and C5), differing only in
the wavelengths they emit. Small groups of cranial
neural crest cells (20-100) were labeled by injections
at stages 14 to 18. The posterior lateral line placode
was labeled by injections at stage 35. These stages
were chosen because cell migration had not yet begun.
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Microinjection of lysinated rhodamine dextran
(LRD, 10 kDa; Molecular Probes, Eugene, OR) into
Xenopus embryos was done at stages 14-18 (Collazo
et al. 1993). Iontophoretic injection allows single cells
to be labeled.
Microinjection of lysinated fluorescein dextran
(LFD, 10 kDa; Molecular Probes, Eugene, OR) or
LRD into early cleavage stages of Xenopus embryos
was done as described for Dil microinjection (Collazo
et al. 1993) with the following modifications. The dyes
were made up in distilled water at 100 mg/ml. Single
cells were labeled at these early stages. Embryos were
raised to a stage between 19 and 41, and preserved for
whole-mount in situ hybridization as described below.
Time-lapse Videomicroscopy
After Oil or LRD microinjection, an individual embryo was chosen for time-lapse, low-light-level videomicroscopy (Collazo et al. 1993; Krull et al. 1995).
Intact Xenopus embryos were anesthetized and placed
in agar grooves for the duration of the time-lapse.
Whole-mount RNA in-situ Hybridization
Xenopus embryos were preserved and processed for
in situ hybridization (Harland 1991; Hemmati-Brivanlou et al. 1990) with modifications described in (Zimmerman et al. 1993). The probes used were a~ subunit
of the Xenopus acetylcholine receptor (unpublished
probe cloned by Bill Todd) and, as a positive control,
a Xenopus muscle actin (pAC100 used in HemmatiBrivanlou et al. 1990). Some embryos processed for
in situ hybridization had been labeled with a fluorescent dextran.

RESULTS AND DISCUSSION

The first half of the remainder of the paper presents
specific examples of the types of modem methodogies
that can be used to provide a better understanding of
developmental processes. Our examples mainly involve biological imaging because this is the focus of
our laboratory. These examples illustrate the new insights possible from using these methodologies. The
second half relates the significance of these and other
modem developmental data to the issue of determining
homology.
Developmental Data
Fluorescent labeling of specific cells in living embryos allows us to observe directly important developmental events such as cell migration and differentiation. Low-light-level videomicroscopy allows the
same cells to be observed daily because phototoxic
effects are minimized. Fluorescently labeled cells may

still be visible after one month, more than sufficient
time to see most developmental events in Xenopus and
zebrafish (in fact, one week suffices for most of the
questions we ask). A potential problem with these
techniques is that cell division during development can
dilute the dye beyond the threshold of detection.
Therefore, one can not be certain if the observed cells
are all the descendants of the originally labeled cells.
This is a trade-off for the resolution provided by these
methodologies but the problem is not so serious if one
takes a conservative approach to interpreting the data
by assuming the variability observed is a minimum
estimate. These imaging techniques have confirmed
many earlier results from other methods, including histology and scanning electron microscopy (Sadaghiani
and Thiebaud 1987); tissue ablation (Seufert and Hall
1990); retrovirallabeling (Frank and Sanes 1991); and
labeled tissue grafts (Krotoski et al. 1988; Le Douarin
1982).
These advanced imaging techniques have expanded
our knowledge of Xenopus trunk neural crest migration. Two previously undescribed migration pathways
into the ventral fin were discovered (Collazo et al.
1993), where cell migration into the transparent fins is
particularly easy to observe. By looking at the same
embryo at three different stages, the often great distances neural crest cells migrate can be appreciated
(Fig. 2). The initial injection site which is quite small,
appears brighter at later stages as the embryo becomes
more transparent. Interesting differences in the migration pathways of prospective pigment cells occur within amphibians (Collazo et al. 1993; Epperlein and Lofberg 1993; Krotoski et al. 1988). In the frog, Xenopus,
pigment cells migrate along a deep pathway between
the somite and neural tube while those of salamanders,
such as Triturus and Ambystoma, migrate just under
the skin, the pattern seen in avian embryos (BronnerFraser 1993).
More detailed observations of cell migration and its
timing are obtained by time-lapse videomicroscopy,
using low-light-level imaging to acquire images every
2 or 4 minutes for up to 48 hours. Neural crest cells
begin migrating from all or most of the dorsal neural
tube's rostrocaudal extent (depending on species; see
Osumi-Yamashita et al. 1994), just after it forms, except in the head regions of frogs and rodents where
migration begins earlier (Sadaghiani and Thiebaud
1987; Tan and Morriss-Kay 1985; but see following).
Our cranial neural crest migration time-lapse films provide dynamic confirmation of previous studies (e.g.,
Stone 1922) that could only infer movements from
static views of different embryos. We find that cranial
neural crest migration begins later than previously
thought (Sadaghiani and Thiebaud 1987), not much
before the neural tube has closed, making Xenopus
more similar to chicken than rodents for this trait.
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Fig. 2. Neural crest migration in a living frog. The illustration is of the same Xenopus laevis embryo at three different stages (from
top to bottom the stages are 21, 34, 41), showing Oil-labeled neural crest cells migrating into the ventral fin and enteric region (arrow).
The embryo was injected in the caudal neural crest, initially located in the dorsal region of the neural tube. The caudal limit of neural
crest migration is indicated with an arrowhead. The injection site is lined up and all three stages are to scale. Scale bar equals 500 J.LID.

242

From the films it is easy to see why cells from the first
three visceral arches (mandibular, hyoid and first branchial) can be mapped to specific regions of the brain
while cells into the remaining, more posterior arches
(three in Xenopus; four in zebrafish) are intermixed
(Sadaghiani and Thiebaud 1987; Schilling and Kimmel 1994). Cells from the same neural tube region
migrating into one of the more posterior arches often
move either forward or backward into another arch.
Observations on cranial and trunk neural crest migration (Collazo et al. 1993, 1994) reveal that, while migrating individual neural crest cells have a net movement in a given direction, this net movement is composed of forward, backward and lateral components.
Such dynamic analyses of cell migration can be
used in examining tetrapod development. A novel
chicken explant culture system has been developed
which allows time-lapse videomicroscopy on labeled
neural crest cells, without perturbing normal development (Krull et al. 1995). The complex migration of
these individually labeled cells is very similar to that
observed in Xenopus and two species of teleost fishes.
This is surprising because previous work had suggested that Xenopus neural crest cells migrate in looser
groups than those of chickens (Collazo et al. 1993;
Krotoski et al. 1988). The analysis of the migration of
chick neural crest cells has revealed that they often
move in groups that may disperse and reaggregate at
several points during their migration, and that at least
some of these groups may be clonally related (Krull
et al. 1995). Even when dispersed, these cells may still
be in contact by thin processes. The advantage of explant/whole embryo systems over in vitro analyses is
that experimental perturbations to assay the role of a
candidate molecule on neural crest migration are possible. The study in chick embryos demonstrates this
well because it uses dynamic data, such as rate of migration and a cell's trajectory, to reveal an effect on
migration after removal of an inhibitory molecule
(Krull et al. 1995).
Molecular techniques offer powerful tools for addressing questions in the area of development and evolution, yet their potential remains unfulfilled. Molecular studies have concentrated on either developmental
or evolutionary questions, not those questions resulting from the integration of these two areas. Most of
the few developmental and evolutionary studies using
molecular techniques have concentrated on heterochronic shifts in the expression of one or more molecules (Raff and Wray 1989). Almost all these studies
have used antibodies to a specific epitope that crossreacts with several species, for their comparisons (e.g.,
Collazo 1994; Wray and McClay 1989). Antibodies,
when combined with whole-mount protocols, provide
a means for visualizing the positions of proteins and
resolving fine embryonic structures, often at earlier
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stages than those provided by previous histological
methods (Dent et al. 1989; Hanken et al. 1992). If an
antibody to the protein product is not available for a
gene of interest, its nucleotide sequence may be
known. RNA in situ hybridization techniques then may
allow for the visualization of the activities of the gene
being studied, even in whole-mounts (Harland 1991);
also transcripts usually are expressed earlier than the
protein product. Although few comparative in situ hybridization studies exist (because of difficulty in adapting a protocol to a new species or the inability of a
probe to hybridize in a different species), these nucleic
acid studies are potentially more widely useful.

Neural crest derivatives.-Although a wide range of
neural crest (Hall and Horstadius 1988; Le Douarin
1982) and placodal (Webb and Noden 1993) derivatives have been identified, the list is still expanding.
Neural crest cells from different axial levels do not
necessarily contribute to the same range of derivatives
(for example, only cranial neural crest cells can form
cartilage). Determining if a given cell is in a particular
structure is relatively straightforward when these cells
are fiuorescently labeled. For example, neural crest
contribution to fins and portions of the enteric nervous
system can be observed in vivo (Fig. 2). Once the embryo reaches a stage where most of the neural crest
cells have differentiated, it can be fixed and sectioned
for confirmation. Cell type can be assessed by phenotype, position and/or antibody labeling (BronnerFraser and Fraser 1988; 1989). We, along with others,
have described new derivatives to which neural crest
cells contribute (Collazo et al. 1993, 1994): pronephric
duct, posterior portion of the dorsal aorta (also observed in avian embryos, J. Sechrist personal communication), and lateral line neuromasts. The pronephric duct is part of the embryonic execretory system
that forms by cell migration and was thought to be
exclusively derived from intermediate mesoderm
(Lynch and Fraser 1990). The posterior portion of the
dorsal aorta, like the remainder of the aorta, was
thought to be exclusively derived from splanchnic mesoderm (Gilbert 1991, p. 202). While neural crest derived ganglia closely juxtaposed to the aorta have been
identified (Le Douarin 1982), the position and amount
of labeled cells we observed can not be accounted for
solely by these ganglia. The lateral line was thought
to be exclusively derived from placodes (Landacre and
Conger 1913; Webb and Noden 1993). The three primary germ layers of vertebrates (ectoderm, mesoderm
and endoderm) provide a useful method of categorizing organ origins (Gilbert 1991). The neural crest,
however, has always been problematic because this ectodermal tissue contibutes to cell types and structures
across all three layers (Le Douarin 1982). The contribution to the same structure from multiple tissues and
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different germ layers has important implications for
the issue of developmental and morphological homology.
Lateral line development.-Segmentation of vertebrate
neural structures provides a means to simplify the
complexity of neural development (Fraser 1993). One
way to characterize this segmentation is by lineage restriction, as has been demonstrated in the chicken
hindbrain (Fraser et al. 1990). The developing lateral
line offers another system for studying segmentation
by cell lineage restriction. The clusters of cells dropping off the migrating primordium, called neuromast
primordia, are potential lineage compartments. While
this has been inferred by several studies (Metcalfe
1989; Winklbauer 1989), data we have gathered using
time-lapse videomicroscopy in Xenopus embryos reveal that neuromast primordia are not lineage compartments. Cells may migrate from one neuromast primordium to another, even bypassing two neuromasts,
by moving along the lateral line nerves. This movement is not necessarily in the same direction as that
of the original primordium. The ability of regenerated
neuromasts in the salamander tail to form from support
cells of adjacent mature neuromasts (Jones and Corwin
1993) demonstrates that cells can migrate even out of
mature neuromasts.
A recent and surprising result has been the observation in three species (the Siamese fighting fish, Betta splendens Regan, the zebrafish, and Xenopus) that
neural crest cells also contribute to the development
of the lateral line (Collazo et al. 1994). This study
also labeled placodes and confirmed their contribution to the development of the lateral line. The lateral
line of living embryos can be visualized by fluorescently labeling hair cells with the vital dye 4-0i-2Asp (Fig. 3). Each white dot on an embryo can consist of up to two dozen hair cells. The patterns on the
embryo formed by the lateral lines can be quite elaborate and are usually species specific, providing an
important taxonomic character. All these lines are
thought to originate from five ancestral placodes
(Northcutt et al. 1994) which are shown in Fig. 4.
The two teleost species have more complex lateral
lines, particularly in the tail, than the Xenopus tadpole
which has a single line running along the base of the
dorsal fin (Fig. 3). The derivation of the lateral line
from placodes has been studied extensively (Metcalfe
1989; Winklbauer 1989). Shortly after a lateral line
placode forms it splits into two halves, one to form
the ganglion, the other to migrate. The migrating portion of the placode is now called a primordium and
moves through the epidermis. As a primordium migrates, it drops off clusters of cells that will differentiate into neuromasts. As the embryo grows, these
original neuromasts divide and form more neuro-
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masts, eventually generating the adult pattern. Xenopus lateral line placodes were labeled with a different
lipophilic dye (Oil C5) whose emission wavelength
we can distinguish from that of 4-0i-2-Asp so double
labeling experiments can be done in the same embryo. The results clearly show that neuromast hair
cells form from the placode. The same experiment
needs to be done labeling the neural crest instead of
the placode. By labeling neural crest and placodes
with Oil's whose emission wavelengths we can distinguish (C3 and C5) the relative contributions of
neural crest and placodes to the lateral line can be
determined. Some teleost species have thousands of
neuromasts (Puzdrowski 1989). The possibility that
some of these neuromasts are neural crest derived
does not seem unreasonable. A dual embryonic origin
for vertebrate neuromasts should not be surprising
given that both tissues also form the cranial ganglia
(Hall and Horstadius 1988; Le Oouarin 1982) and
that placodes can compensate for ablated neural crest
(Kirby 1988a, b). Later in this paper, we will explore
the significance of this dual embryonic origin to the
issue of lateral line homologies among different species.
Multipotency of individual neural crest cells.-A major issue in the study of neural crest development is
determining the potential of an individual cell (Selleck
et al. 1993). A given neural crest cell may be unipotent,
contributing to one cell type in a single derivative, or
multipotent, contributing to two or more cell types and/or derivatives. Labeling single trunk neural crest cells
in chicken, Xenopus, zebrafish, and mouse embryos
have demonstrated that many, if not most, neural crest
cells are multipotent (Bronner-Fraser and Fraser 1988,
1989; Collazo et al. 1993; Raible and Eisen 1994; Serbedzija et al. 1994). In fact, the data for chicken, Xenopus and mouse show that neural tube and neural crest
cells can share a common progenitor up to the point of
neural crest migration. A majority of migrating neural
crest cells are still multipotent (Fraser and Bronner-Fraser 1991). All these results suggest that external cues
could be responsible for determining the cell fate of
many neural crest cells (Selleck et al. 1993). This has
been observed in culture experiments, where a self renewing neural crest stem cell has been identified (Anderson 1989, 1993; Stemple and Anderson 1992, 1993).
It is important to note that all these experiments also
revealed some neural crest cells were unipotent. This
suggests that the neural tube consists of a mixed population of cells with different potentials or a single multipotent population whose fates are sequentially restricted (Selleck et al. 1993).
Studies on cranial neural crest cells in zebrafish suggest these cells are unipotent (Schilling and Kimmel
1994) and, when taken together with the trunk data,
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Fig. 3. Lateral line labeling in three vertebrate species with 4-Di-2-Asp. The dye labels the neuromast hair cells. From top to bottom:
Betta splendens, Xenopus laevis, and Dania rerio. Not to scale. Their total lengths in mm, respectively, are 8.2, 10.4, and 14.2. The image
combines fluorescent and bright field views. The vital dye also labels a subgroup of olfactory sensory cells.

raise the possibility that there are rostrocaudal differences in the potential of zebrafish neural crest cells.
Since our prior work on Xenopus was done in the
trunk we decided to label single cranial neural crest
cells to see if rostrocaudal differences also exist in
amphibians. As in the trunk, most cranial neural crest
cells are multipotent and some share a common pro-

genitor with the brain. In fact, one clone had cells located in a cranial ganglion, along a lateral line nerve
and in a neuromast; confirming previous work showing that groups of labeled neural crest cells contribute
to the lateral line (Collazo et al. 1994). Unlike fish,
frog neural crest cells are multipotent along their
whole rostrocaudal extent. The variety of fates gen-
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Fig. 4. Positions of the lateral line placodes early in their development. Lateral view of the head with anterior towards the left
and dorsal towards the top. Ancestrally the lateral line is thought to
be derived from five placodes (numbered and in black): 1, anterodorsal lateral line placode; 2, anteroventral lateral line placode; 3,
middle lateral line placode; 4, supratemporal lateral line placode; 5,
posterior lateral line placode. Some of the adjacent cephalic placodes
are shown in gray: ol, olfactory placode; le, lens placode; fa, facial
ganglion placode; au, auditory placode. (Adapted from Northcutt et
al. 1995).

erated by different neural crest cells indicate to us that
any definition of homology needs to take into account
the issue of developmental redundancies.
Lateral line in mutant zebrafish.-Genetic approaches
provide a powerful means to analyze development
(Ntisslein-Volhard and Wieschaus 1980). The zebrafish
has quickly become a model system for studies of vertebrate genetics because large-scale screenings for embryonic phenotypes can be done relatively inexpensively, and the mutations isolated complement studies
of homologous genes in other model systems (Driever
et al. 1994). We are interested in how lateral line development might be peturbed in mutant zebrafish. We
have discussed above how the lateral line can be visualized fiuorescently in living embryos. By labeling
wild type and mutant embryos we can visualize how
a given mutated gene effects lateral line development
(Fig. 5). At these stages the number of neuromasts is
still relatively small, even though neuromasts on both
sides are visible through the transparent embryo. The
mutants chosen affect different regions of the developing embryo and potentially different regions of the
lateral line. The effects of the mutant gene floating
head (jlh) are restricted to the trunk and tail, the head
being essentially normal (Talbot et al. 1995; Bill Trevarrow at University of Oregon, personal communication). No neuromasts form in the tail, while the head
lateral lines appear normal, suggesting that the posterior lateral line primordium has either stopped migrating, migrates but does not drop off neuromast primordia, or that these primordia do not differentiate (Fig.
5A,B). We currently favor the first possibility because
the defects in the mutant suggest a possible mechanism. The floating head mutant has no notochord and
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no horizontal septum between dorsal and ventral somites (Talbot et al. 1995; Bill Trevarrow personal communication). The horizontal septum (or midbody line)
is the pathway along which the posterior lateral line
primordium migrates (Metcalfe 1985, 1989). It is
thought that the notochord is required for the muscle
pioneer cells to form which are required for the formation of the horizontal septum (Talbot et al. 1995; B.
Trevarrow personal communication). Without this
pathway the migration of the primordium may be disrupted.
A second mutant, cyclops, most strongly effects the
head, in extreme cases having a single anteriorly located eye (Hatta 1992; Hatta et al. 1991). The lateral
line defects in this mutant are more subtle (Fig. 5C,E).
The posterior lateral line appears normal, as expected,
and the only effect on anterior lines visible at 48 hours
is a posterior shift of the line ventral to the eye (Fig.
5A,C). This change does not seem to disrupt primordial differentiation as neuromast numbers are similar
to those in wild type. By 96 hours the changes in the
position of the anterior lateral line relative to wild type
are minimal (Fig. 5D,E). The number of neuromasts
and their positions relative to the eye are comparable,
even given the severe defects in the head. Unlike the
floating head gene, cyclops does not appear to have a
strong effect on lateral line development. Combining
genetics with the lineage techniques we discussed
above is an ongoing project in many laboratories (Eisen and Weston 1993). This combined approach will
allow one to study the effects of one or relatively few
genes on complex developmental processes such as
lateral line formation and to begin understanding the
number of genes that may be involved in the ontogeny
of a given structure.
Gene expression studies.-Whole mount in situ hybridization techniques applied to Xenopus provide a
good system for addressing gene expression patterns
during development after an evolutionary duplication
event. Xenopus laevis is one of the few species of vertebrates that is polyploid (Kobel and Pasquier 1986).
Its genome underwent a polyploidization event within
the last 30 million years to produce a tetraploid (4N)
condition (Bisbee et al. 1977). Therefore the haploid
genome contains two or more copies of each gene. We
have studied the muscle acetylcholine receptor
(AChR), a glycoprotein constructed from four evolutionarily related proteins with the following stoichiometry: alpha(u) 2 , beta(j3), gamma('Y), and delta(l>)
(Hucho 1993 and Fig. 6). The AChR is found in the
neuromuscular junctions of embryos and adults, although in the adult animal the gamma subunit is replaced by epsilon (e) (Hucho 1993). This stoichiometry has been conserved during the evolution of such
diverse taxa as rays and mammals, indicating an an-
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Fig. 5. Lateral line development in wild-type and mutant zebrafish. Of the two mutations analyzed, floating head disrupts lateral line
development while cyclops does not. The hair cells of the lateral line neuromasts are labeled with 4-Di-2-Asp. All images are fluorescent
views.-A. Wild-type zebrafish at 48 hours.-B. floating head mutant at 48 hours.-C. Cyclops mutant at 48 hours.-D. Two wild-type
zebrafish at 96 hours.-E. Cyclops mutant at 96 hours. All scale bars equal 200 J.Lm.
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Neuromuscular Junction
Nerve
Acetylcholine
Muscle

Embryo

Adult

I .

Fig. 6. The muscle acetylcholine receptor. The five subunits are shown diagramatica11y in a muscle cell membrane, their relative
positions is one of the more likely arrangements (Hucho 1993). The positions of the receptors in a neuromuscular juntion are shown at
bottom left: arrows in synapse show route of acetylcholine to its receptor. In the adult animal the gamma subunit is replaced by epsilon
(€).

cient divergence of these subunit genes. The genome
duplication, in contrast, provides copies of these genes
that are relatively recent in terms of evolutionary time.
The possible composition of the embryonic AChR
from a pool of eight genes of four types (a, a', 13, 13',
"/. 'Y', 8, and 8') provides a complex context for the
study of developmental redundancies.
The sequences of one copy of each Xenopus subunit
except beta are known (Baldwin et al. 1988) and for
the alpha subunit a second copy has been identified
(Hartman and Claudio 1990). Interestingly, these two
alpha subunits differ in their timing of expression. One
alpha gene is expressed in both the oocyte and developing muscle while the other is expressed only in muscle development (Hartman and Claudio 1990). These
temporal differences in expression must have evolved
within the last 30 million years. The beta AChR subunit has been cloned and partially sequenced (Bill
Todd, unpublished data from University of California
at Irvine). In situ hybridizations using this probe found
expression in the developing muscles (Fig. 7). Future
goals are: 1) to clone copies of the other Xenopus laevis subunits as well as multiple subunits in other species of Pipidae (the family containing Xenopus), preferably with differing numbers of ploidy events (Kobel
and Pasquier 1986); and 2) to study their expression
patterns in more detail. Good phylogenies, both morphological and molecular, are available for the family
(Cannatella and Trueb 1988; Carr et al. 1987) so the
analyses can be done within an evolutionary context.
What about the possibility of combining whole-

mount in situ hybridizations with lineage analysis? We
have been collaborating with several people (Nancy
Papalopulu, Chris Kitner, and Gail Burd, the first two
at the Salk Institute, the last at University of Arizona
at Tucson) and the answer appears to be that it is possible (Fig. 8). After labeling a single cell in the 8-16cell-stage Xenopus embryo (stages 4-5) with a fluorescent dextran and raising the embryo to a late neurula, early pharyngula stage (stage 25); we found that
most of the labeled cells were restricted to the neural
tube (Fig. 8C). New chromogenic substrates for the
alkaline phosphatase enzyme used in most in situ hybridization protocols allow for double labeling analyses (Hauptmann and Gerster 1994). One of these substrates, Fast Red, emits at a wavelength distinct from
that of fluorescein, allowing these two labels to be distinguished (Fig. 8B,C). By using a probe specific to
neural tissue (13-tubulin), the neural tube was Fast Red
stained (Fig. 8A). Not only did the fluorescein labeling
survive the in situ protocol (we scored the embryo
before and after) but double labeling could be distinguished in regions of the anterior neural tube (Fig. 8).
Microinjection at these early cleavage stages deposits
far more dye than the single-cell microinjection protocol used at later stages because the cells are much
larger. A more challenging test would be in situ hybridization on embryos in which a single cell had been
labeled using iontophoretic microinjection at later
stages. In approximately half these embryos, the label
could still be seen after having undergone the in situ
hybridization procedure.
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Fig. 7. In situ hybridization with an antisense probe to the j3 subunit of the acetylcholine receptor in a stage 20 Xenopus embryo;
anterior is right. The label is restricted mainly to the prospective muscles. Scale bar equals 100 fi.m.

These results represent a sample of the data collected and questions addressed using current techniques. Their potential insights for developmental biology are great. These techniques have revealed previously undescribed migratory pathways and derivatives of the neural crest. The need to explore the issue
of developmental redundancy and its ramification for
evolution becomes more pressing. Combining different
techniques such as lineage analysis and in situ hybridizations may provide further developmental insights.
Understanding the number of genes involved in the
development of given structure is an important step in
studying the relationships between genes and morphology. All these examples reveal that it is critical to
understand normal development so that experimental
perturbations can be interpreted in the correct context.
The next section will more explicitly relate these developmental data and methodologies to systematics
and evolutionary biology.

Homology
We have discussed how new methods can better define developmental mechanisms. What does this un-

derstanding mean to evolutionary studies? The issue
of morphological homology is central to evolution and
should be strongly influenced by developmental concepts and results. The concept of homology is fundamental to comparative biology and systematics (Donoghue 1992; Hall 1994; Patterson 1982; Wagner
1989a); without it, one would not be able to determine
which characters are comparable. Morphological homology can be distinguished from molecular homology, which presents some similar issues (Patterson
1988). We will not discuss molecular homology except
as it relates to morphological homology. We use the
following definition of homology, similarity due to
continuity of information, because it is the most inclusive (Haszprunar 1992; Van Valen 1982). The definition of homology has changed through time, from its
origin in pre-Darwinian times to its current evolutionary usage. Although its importance is not doubted,
morphological homology has been difficult to define
(de Beer 1971) resulting in several definitions which
are not mutually exclusive (Patterson 1982; Roth
1988; Wagner 1989a): 1) classical or idealistic homology-this type is pre-Darwinian in origin and typ-
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ically consists of essentialist concepts (similarity as
implied by a Bauplan or related concept, Jones 1996);
2) evolutionary or historical homology-this is the
most generally used and involves the origin of a structure from a common ancestor; 3) Phenetic homology,
based on overall similarity and operationally derived
from phenetic systematic techniques though some definitions harken back to those of classical homology
(Patterson 1982) ; 4) Cladistic homology, which
equates homology with synapomorphy, sometimes
grouped as a subcategory of historical (Wagner
1989a); 5) Biological homology which uses common
developmental mechanism as the basis for identifying
homologies. The following treatment applies to at least
three of these definitions: evolutionary, cladistic and
biological homologies. These three definitions also are
subsumed under one more inclusive definition by Roth
(1988), who termed it biological homology. While definitions are important, the critical issue for our discussion is the practical identification of homologies. For
this, one needs to know what criteria need to be met
to identify homologous characters in two different organisms.
The most important issue when using the homology
concept, often repeated by researchers (see Patterson
1982), is the necessity for a conditional phrase (but
see Nelson 1994, pp. 128-129 for a contrary view).
Two structures are not just homologous, they are homologous as something. One example, discussed below, is the homology of insect and vertebrate eyes
(Barinaga 1995). They may be homologous as sensory
organs but they are not homologous as image-forming
organs. Another example is the homology of bird and
bat wings which are homologous as forelimbs but not
homologous as wings. Often in discussions of homology the conditional phrase is understood but it is important for researchers to be unambiguous.

Fig. 8. Whole-mount in situ hybridizations can be combined
with lineage analysis. The stage 28 embryo is double labeled with
a lineage dye and a probe to [3-tubulin.-A. Bright-field image of
embryo in which the Fast Red labeling appears dark.-B . Fluorescent image of the Fast Red [3-tubulin staining in the neural tube.C. A single blastomere was injected with fluorescein at an early
cleavage stage. The resulting progeny are restricted to the anterior
neural tube. The in situ hybridization with [3-tubulin was done by
Nancy Papalopulu.

Criteria for homology. - There are three primary criteria (called tests by Patterson 1988) for morphological
homology: positional, phylogenetic, and developmental. In order to define and illustrate these criteria we
will use the classical example of the vertebrate forelimb, specifically its bones (Coates 1994; de Beer
1964; Hinchliffe and Johnson 1981; Hinchliffe 1994;
Shubin 1994). The forelimb is a complex structure in
most vertebrates consisting of numerous tissue types
(bone, cartilage, muscle, tendon, nerve, fat, dermis and
epidermis). The evolutionary history of forelimbs offers a good example of the bewildering array of forms
produceable by natural selection (Fig. 9). Forelimbs
may function as flippers or wings as well as terrestrial
limbs. The forelimbs of tetrapods (group defined in
Fig. 1) consist, from proximal to distal, of the following bones or bone groups (Fig. 9): humerus (from
shoulder to elbow in humans), radius and ulna (parallel
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Fig. 9. Positional criterion for homology of foreappendage and
some bones in seven species. The bones of the forelimb and their
proximal to distal relationships shown to the left; medial bone(s)
indicated with shaded lines: two arrows point to presumed homologous positions. All of the taxa are Amniota but lungfish (see Fig.
1). (Not all of the podia) elements are shown).

Fig. 10. Phylogenetic criterion for homology of foreappendage
and some bones forming in seven species. The phylogenetic hypothesis shown is from Maisey (1986), Novacek et al. (1988), and
Pough et al. (1996). Relationships of the three mammals (shrew, bat,
dolphin) are tentative (Novacek et al. 1988). The medial bone(s)
indicated by shaded lines.

from elbow to wrist), mesopodium (carpals, a group
of wrist bones), metapodium (metacarpals, a group of
bones in the palm of hand), and phalanges (the many
bones of the fingers).
The positional criterion (called topographic by Patterson 1982) requires that two structures in two organisms occur in the same relative positions to be considered homologous. To identify the homology of foreappendages using the positional criteria, common
landmarks, such as the eye or mouth (Fig. 9, left arrows), must be found, and the positions of the proposed homologues relative to the landmark must be
the same (Fig. 9, right arrows). From this we could
say that the flipper of an ichthyosaur is homologous
to the pectoral fin of a lungfish and wing of a bat. The
compared structures do not have to appear similar, although it makes comparisons easier if they do, such
as in the case of the lungfish, ichthyosaur and dolphin
flippers. Homology is a hierarchical concept; that is,
homologues can be nested under other homologues.
The forelimb example illustrates this nicely. We can
compare whole forelimbs across these seven species
or we could compare individual forelimb bones such
as the humerus. Again using the positional criterion,
this time within the forelimb, we say that the most
proximal single bones are homologous. Such positional comparisons can also be made for the medial paired
bones and the distal phalangeal elements. Whereas
comparisons are relatively easy to make among the six
tetrapod species, determining which if any bone in the
lungfish pectoral fin is homologous to the humerus or
any of these other forelimb bones is much more problematic. Even within tetrapods, problems arise in determining these homologies because of fusions of the
paired medial bones in bats, phalange reduction in
birds, and the phalangeal proliferation in ichthyosaurs.
Numerous examples exist where the positional criterion alone can be misleading or difficult to apply: the

eyes of the derived teleost order pleuronectiformes
(over 500 flatfish species) that form bilaterally only to
migrate to the same side of the body (Policansky 1982;
Nelson 1984); the anus of the teleost fish Aphredoderus sayanus Gilliams (pirate perch) which ends up
between the gill membranes, anterior to all its fins
(Nelson 1984); and the relative positions of inflorescences and leafy branches in different plant species
(Coen and Nugent 1994). Although the positional criterion has its problems, it is the practical basis for a
large number of defined homologies, is often the starting point for the other criteria, and is interesting when
contradicted.
The phylogenetic criterion (congruence test of Patterson 1982) is currently the most used criterion for
homology. This criterion equates homology with synapomorphies (shared derived characters) and uses the
methodologies of cladistics such as parsimony and
outgroup comparisons to determine homology (Patterson 1982). Going back to our limb example, the specific bones (humerus, radius, etc.) of tetrapod forelimbs are homologous because the ancestor of the six
tetrapod groups shown had them and these bones are
difficult or impossible to identify in extant outgroups
(Fig. 10). The cladogram illustrates a conservative hypothesis for the phylogenetic relationships of these
seven species (Maisey 1986; Novacek et al. 1988;
Pough et al. 1996). Whereas forelimb characters may
have been used in its construction, tautology can be
avoided by independent corroboration with molecular
data (Akam et al. 1994; but see Kluge 1989 about the
necessity of combining all data sets). Patterson (1982)
considers the phylogenetic criterion the most powerful
because it is the only criterion that distinguishes the
relations useful to systematics (see discussion following on Patterson's proposals for homology criteria).
The biggest problem in using the phylogenetic criterion for homology is identifying convergence and par-
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allelism (homoplasy or nonhomology as interpreted by
Patterson 1982). The degree of homoplasy varies
among taxa and its detection by phylogenetic methods
becomes more difficult as homoplasy increases (Wake
1991). The phylogenetic criterion, unlike the positional, restricts comparisons to monophyletic groups, such
that the features of a dolphin are compared to those of
the bat or shrew (other mammals) before those of the
superficially similar ichthyosaur (a diapsid reptile) for
determining homologous bones.
Perhaps the most powerful feature of the phylogenetic criterion is that it allows one to propose transformations from a hypothesized ancestral condition.
Three examples of vertebrate transformations are reduction of phalangeal elements in birds, increase of
these elements in ichthyosaurs, and transformation of
two medial elements to one in bats. However, neither
the positional nor the phylogenetic criterion provides
a mechanism for the hypothesized transformations, for
this we must look at the data used in the final criterion
(Roth 1991; Wagner 1989a).
The developmental criterion has been used classically for identifying homologies (Patterson 1982), although more recently its popularity has waxed (Roth
1984; Wagner 1994) and waned (Hall 1995; Striedter
and Northcutt 1991). Two structures are homologous
if their development is similar. This similarity can be
based on the genes expressed, tissue type(s) contributing to the structure, inductive events, relative timing
of developmental events, cell lineages and/or morphogenetic processes. However, the aspect of development
typically compared has been classical descriptive embryology using histological sections or whole-mount
preparations. Returning to the forelimb example, development becomes a particularly appropriate criterion
because it may provide a simpler context for understanding the great complexity and variety found in
adult limb morphologies and because of the many
studies of limb development. The amount of information on the role of specific molecules in limb development is expanding though integrating these results with the data on embryological manipulations
and models of limb development remains difficult (Javois 1984; Johnson and Tabin 1995; Morgan and Tabin
1994). The development of the six species fore-appendages supports the homology of these structures
given their common embryological origin from limb
buds at the first stage shown (Fig. 11, left). Differences
between them based on external features become apparent later in development (Fig. 11, third column).
Whereas the developmental sequence of forelimb bone
appearance in most of these species has not been characterized it should be possible using several wholemount techniques (Hanken and Wassersug 1981; Hanken et al. 1992). The absence of the ichthyosaur from
the comparison in Fig. 11 highlights a difficulty with
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Fig. 11. Developmental criterion for homology of foreappendage and some bones in six species. Four comparable stages for
each species shown from left to right, separated by arrows. Earliest
stage to the left represents early limb/fin bud stage; fourth stage is
the adult condition. The three mammals have relatively reduced eyes
during first two developmental stages compared to bird and lizard.
Lungfish stages from Kemp (1982) and some remaining stages derived from Gilbert (1991). The medial bone(s) indicated with shaded
lines.

the developmental criterion. Its use is limited to extant
species because the development of fossils can only
be the subject of speculation.
Patterson (1982) also lists three criteria of homology. His differ in that he lumps positional and developmental under the criteria similarity, uses the term
congruence for phylogenetic and identifies a third criterion, conjunction (homologous structures are not
found in the same organism). The reason we do not
consider further the conjuction criterion is that it only
separates iterative homology (repetition of the same
structure within an individual, also called homonomy
and, if segmentally arranged, serial homology) from
the rest of homology and nonhomology. We believe,
as others (Roth 1984, 1988; Wagner 1989a), that iterative homology should not be separated from discussions of homology as is often done (Striedter and
Northcutt 1991). Many structures in animals that are
not discussed as iterative homologues are bilaterally
(e.g., sensory structures of vertebrates) or pentamerically (e.g., echinoderm arms or plates) repeated. Iterative homology still provides useful characters for systematic analyses (Patterson 1982). A better way to deal
with the difference between iterative homology and
homology is a hierarchical framework for the comparisons. In this way iterative homologues are compared
as whole sets or members of sets to other iterative
homologues (Hall 1995). Examples of such comparisons are all the leaves of a plant with all those of
another, all somites in an animal with all those of another or tail somites with those of another. Trying to
determine the homology of individual units of an iterative series may not be a productive endeavor (Hall
1995). Wagner (1989a, b) has stated that it is necessary to find the correct developmental unit for the successful implementation of these comparisons (one that
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has undergone individualization, see conclusion). Patterson (1982) states that structures are homologous
only if they pass all three of his criteria (conjunction,
similarity and phylogenetic) and distinguishes between
eight different named relations based upon passing and/or failing these three criteria (Patterson, 1982, p. 47
and Table II). Though appealing, such homology definitions suffer from the problem that structures known
to be homologous can fail one of these criteria. This
raises the issue of how can structures be "known" to
be homologous if they do not meet reasonable criteria.
In these cases homology determination involves a
weighting of criteria, placing more value on one over
another, typically phylogenetic over developmental.
Many workers have pointed out that homologous
structures may have different developmental mechanisms (Alberch et al. 1985; Roth 1988; Striedter and
Northcutt 1991; Wagner 1989a, b) as expected, given
the hierarchical nature of biological processes (Eldredge 1985; Roth 1991; Striedter and Northcutt 1991).
This is not a universal opinion as some workers do
not consider structures homologous if their development differs (Alberch et al. 1985; Goodwin 1994). The
end result of this confusion has been a reluctance to
use developmental data for determining homologies
(except, of course, by those who consider development
the sole criterion or when it is congruent with other
criteria) and a greater dependence on the phylogenetic
criterion. However, in the next section we will explore
the developmental data available for one example (primary versus secondary neurulation) in more detail
with some surprising results.
Reexamining the developmental criterion for homology.-In contrast to the somewhat downbeat note regarding the. utility of the developmental criterion
above, we propose that the developmental criterion can
be a powerful determinant of homologies, in many
cases equal to the utility provided by the phylogenetic
criterion. Two problems contribute to the decline in
use of the developmental criterion: 1) a paucity of detailed comparative developmental data; and 2) the
overlooked assumption that ontogenies can not change
during evolution and remain homologous while morphologies can. We use the term ontogeny to mean the
set of developmental mechanisms, which can be quite
numerous, that form a particular structure. The first
problem can be addressed by collecting more developmental data in more species, in particular using the
modern methodologies described previously. More developmental data collected with modern and experimental methodologies are crucial for developmental
and evolutionary studies (Muller 1991). This is where
a phylogenetic perspective becomes critical as it is unlikely for one scientist or laboratory to be able to study
more than a handful of the extant species available. A
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phylogeny allows one to choose those species most
likely to provide important and relevant developmental
data based on their proposed evolutionary relationships. A common assumption of many homology discussions is that homologous structures can have different and therefore nonhomologous ontogenies (Hall
1995; Striedter and Northcutt 1991; Wagner 1989a, b).
The corollary to this assumption is that different ontogenies can not be homologous-a statement that
seems to weigh one meaning of homology, similarity,
more than another, continuity of information. This dual
nature of homology is an important point that is rarely
emphasized (Donoghue 1992 and Roth 1994 provide
notable exceptions). Since neither morphological nor
functional similarity is necessary to call a structure
homologous (compare the flipper and wing from our
forelimb example, Fig. 9-11), it seems inconsistent to
require extreme similarity in homologous ontogenies.
A broadly comparative view of developmental data
could reveal overlaps in one or more of the many developmental mechanisms that make up an ontogeny,
allowing different ontogenies to be called homologous.
Workers in the field recognize that ontogenies change
during evolution (Roth 1988; Striedter and Northcutt
1991; Wagner 1989a). The problem in seeing the common basis of these ontogenies is that the comparisons
typically are made between very few species, often
across great evolutionary distances. We, as Roth
(1984, 1988) and Wagner (1994), believe that ontogenies consisting of different developmental mechanisms can still be homologous and will expand on their
writings.
By incorporating more comparative developmental
data and the ramifications of modern developmental
biology into discussions of homology, a more robust
developmental criterion can emerge. Development that
seems superficially different using classical embryological techniques may actually be revealed as much
more similar using modern cellular and molecular biological techniques (see neurulation example, and section on molecular data following). For our purposes
the most important consequence of developmental biology for evolution is the notion of developmental redundancies, multiple mechanisms that may underly a
given process or structure's generation. Typically such
redundancies are discussed at the molecular level
(Chadwick and Marsh 1992, pp. 298-300; Tautz
1992). However, they also can exist at the cellular level. For example, the source for a tissue can be redundant as portions of the neural tube normally restricted
to form central nervous system can be recruited to
form neural crest after crest ablations (Scherson et al.
1993). In mice targeted mutagenesis, producing gene
"knockouts," provides a powerful tool for analyzing
development (Beddington 1992). Knockout studies
have revealed that molecules thought to be important
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for a given developmental event are not essential for
(1)
that event (i.e., the role of activins in mesoderm in(2)
duction; Matzuk et al. 1995a, b, c; Smith 1995). DeB->C
I
(3)
velopmental redundancy is typically invoked to ex-A
I
plain such conundrums in two ways: 1) another gene
(4)
product normally expressed in the embryo compen(5)
sates for the missing gene product; and, 2) eliminating
+D I
+F
(6)
a gene may cause the upregulation and/or downregu1- A - B I
D->E
lation of one or more gene product(s) which compen(7)
E
sate(s) for the defect (such as in the upregulation of
Fig. 12. Hypothetical example of developmental changes during
the I3A activin subunit in the ovary when I3B is elimevolution. Seven taxa and their known evolutionary relationships are
inated; Vassalli et al. 1994). The absence of a gross
indicated by numbers on right. Possible developmental mechanisms
phenotype from a knockout is not proof that the tar- involved in ontogeny of a given homologous structure indicated by
geted gene is uninvolved in normal development A-F. Homologous structures can be formed by several different
(Routtenberg 1995). Possibly, the phenotype observed mechanisms and combinations thereof. The evolutionary transforis too subtle to be detected by the most commonly mations that lead to this pattern are indicated on the phylogeny.
used diagnostic tools or the occurence of weak or ab- Looking at just the developmental mechanisms (letters A-F) listed
for each taxon one notes that at least one mechanism is shared with
sent phenotypes may indicate developmental redun- another taxon for six of the seven taxa.
dancies. This explains the need to generate double and
triple mutants to observe dramatic phenotypes (e.g.,
Wurst et al. 1994). The redundancies revealed in ture and should be considered when using the develknockout experiments and the regulative ability of the opmental criterion. While most developmental studies
neural tube (Scherson et al. 1993) indicate that there concentrate on morphogenetic mechanisms it may be
can be multiple developmental mechanisms, each suf- the morphostatic mechanisms that ru;e more important
for understanding regeneration. A more robust develficient for the formation of a given structure.
Probably the strongest argument against develop- opmental criterion should include the role of mormental processes being homologous comes from re- phostatic mechanisms on development, revealing the
generation studies (Hall 1995). For example, regener- commonalities between development and regeneration.
ation of amphibian limbs seems to differ from the origTo better understand how different sets of develinal development in terms of the role retinoic acid opmental mechanisms can still be homologous, we use
plays (important in regeneration but unnecessary dur- a hypothetical example with seven taxa whose relaing development; Brockes 1994) and the need for in- tionships are known (Fig. 12). For each taxon we denervation (required for regeneration but unnecessary scribe the ontogeny of one structure, homologous to
during development; Wagner 1994). This could lead those of the other taxa, which may consist of up to
one using a restrictive developmental criterion to con- three different mechanisms, indicated by letters (A-F).
clude that a regenerated limb or tail is not homologous These developmental mechanisms can represent many
to the original, an untenable position. Although regen- things: specific molecules, different tissue types, or
eration is often thought of as a model for studying distinct morphogenetic processes. Taxon 1 represents
development there is at least one major difference: a the ancestral condition which results from mechanisms
developing limb bud is much smaller that the regen- A and B. If developmental data were only available
erating limb's blastema (Brockes 1994). This dramatic for taxa 1, 4, and 7 the conclusion that the homologous
geometric difference may confound comparisons be- structure is formed by nonhomologous ontogenies
cause mechanisms that operate at one scale may not would appear reasonable, because the different develbe able to function similarly at another. Also the size opmental mechanisms (A, B, C, E) are quite distinct.
differences may obscure similar mechanisms, such as This is where the illustrative power of more comparthe need for the same molecular factor in limb pat- ative data becomes clear. With data from more taxa,
terning, by requiring different cellular sources-a hy- the overlap in developmental mechanisms and the pospothetical example would be mesodermal cells for the sible transformations that occurred during the evoludeveloping limb bud and innervating neurons for re- tion of the structure's ontogeny, are revealed. During
generation. Where else might similarities between de- evolution of the hypothetical structure, developmental
velopmental and regenerative processes be revealed? mechanisms producing the ontogeny can change in
Wagner ( 1994) has distinguished between morphoge- three ways (Striedter and Northcutt 1991): by a transnetic mechanisms, those involved in the generation of formation to another mechanism (A+ B to A +C), dea structure, and morphostatic mechanisms, those in- letion of a mechanism (A+C to C), and addition of a
volved in the maintenance of a structure. Both mech- mechanism (A+B to A+B+D). Striedter and Northanisms are important for the development of a struc- cutt (1991) use such differences in developmental
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Fig. 13. Neurulation. Primary versus secondary: three stages in
development of a neural tube showing proposed morphogenetic
events. Note that during primary neurulation a groove is formed
(middle stage). This is not true for secondary neurulation. Prospective neural crest cells are indicated with shaded lines. These cells
are located at the border between neural plate and epidermis.

mechanisms to argue that different ontogenies are not
homologous, the opposite of what we would conclude.
Given that during evolution ontogenies can change
(Alberch 1985; De Queiroz 1985; Striedter and Northcutt 1991), and that quite different looking structures
(Fig. 9-11) can still be called homologous, it seems
logical that it should still be possible to consider the
different sets of developmental mechanisms that generate those structures to be homologous. With sufficient developmental data from intermediate species,
the overlap in or similarity between mechanisms
should become clearer. A major problem is in deciding
the appropriate unit or level for developmental comparisons (Wagner 1989a, b) an issue to which we will
return. To clarify these hypothetical examples, we discuss two actual examples.
Primary versus secondary neurulation.-A classic example of a homologous structure that forms by different developmental mechanisms is the vertebrate neural
tube (Striedter and Northcutt 1991). Vertebrate neural
tube homology is based on criteria other than development. After gastrulation is completed, the prospective neural tube is a superficial sheet or keel underlain
by the prospective notochord (Fig. 13), ready to begin
neurulation. In many vertebrate groups, including tetrapods, neurulation occurs by the rolling up of the neural plate until the lateral edges meet, forming the dorsal neural tube, in a process called primary neurulation
(Fig. 13). The cellular mechanisms by which primary
neurulation occurs have been extensively studied (reviewed by Jacobson 1991). Teleosts, in contrast, form
a neural tube directly from a superficially amorphous
mass of cells by cavitation in which no groove or fold
is visible. This process is called secondary neurulation
(Fig. 13). Secondary neurulation also occurs in the tail
bud of all vertebrate species so far examined (Griffith

et al. 1992) including those that undergo primary neurulation anterior to the tail bud.
The cellular processes by which secondary neurulation occur are not well known (Nievelstein et al.
1993; Tucker and Slack 1995) but they are presumed
to be quite different from those of primary neurulation.
However, recent work on the teleost zebrafish using
single-cell labeling suggests that the anterior neural
tube forms by a mechanism similar to that of primary
neurulation (Papan and Campos-Ortega 1994). If cavitation were occurring, the expectation would be that
a cell labeled shallow and medial in the neural keel
would contribute to the dorsal portion of the neural
tube, while more lateral cells should end up in the
lateral neural tube. Surprisingly, labeled cells in the
medial neural keel contribute to the ventral tube, while
those located laterally contribute to the dorsal tube;
labelled cells in between contribute to the appropriate
intermediate region of the neural tube. In Fig. 13 the
positions of the prospective neural crest (initially located at the lateral edges of the neural plate) are indicated by shaded lines, with the positions in the secondary neurulation diagram being based on the results
of Papan and Campos-Ortega (1994 ). The neural crest
offers a good landmark for orienting their results because their subsequent migration from the neural tube
makes them easy to score and their initial induction
appears to result from the apposition of epidermis and
lateral neural plate (Selleck and Bronner-Fraser 1995).
These data offer persuasive evidence that cell movements similar to rolling occur in the anterior neural
tube of at least one teleost species. If these results
prove to be general for teleosts, the ramifications for
the homology of neurulation are obvious: a homologous structure would be shown to develop by homologous rather than nonhomologous developmental
mechanisms, vindicating the developmental criterion.
In the preceding section we argued that homologous
ontogenies can consist of different sets of developmental mechanisms, so let us suppose that even though
secondary neurulation may share some similarities
with primary, it is still different from primary neurulation. The neural tube in many vertebrate species
(chickens, frogs, salamanders, mouse, rat, opossum,
pig) forms by both neurulation types (Griffith et al.
1992) suggesting to us that homologous development
can use either or both types. Figure 14 plots the available data on neurulation type for six vertebrate taxa
(Griffith et al. 1992; Nelsen 1953) onto a cladogram.
No species has only primary neurulation-all species
with primary also have secondary neurulation. Three
taxa have only secondary neurulation, the Petromyzontida (lampreys), ginglymodi (gars), and teleostei.
Even though data are not available for almost half the
listed taxa, the distributions of combined primary and
secondary versus only secondary neurulation are quite
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Fig. 14. Phylogenetic distribution of primary and secondary
neurulation in craniates. For those species with both types of neurulation, secondary neurulation is occurring in the tail. There is no
example of a taxon with just primary neurulation along its whole
rostrocaudal axis. While it is known that Dipnoi have primary neurulation (Kemp 1982) it is not known what is happening in the tail.
For the common names of all taxa shown see Fig. l.

mixed. Based on the available data it is difficult to
determine which state represents the ancestral condition. Neurulation in the outgroup to craniates, cephalochordates (amphioxus), appears to be primary but
the developmental data are not easy to interpret (Nelsen 1953). Given this uncertainty, it appears that anterior neural tube formation changed during craniate
evolution from primary to secondary neurulation and/or
from secondary to primary neurulation in one or more
taxa. While more data are necessary, especially those
collected with modern developmental methodologies
(e.g., Papan and Campos-Ortega 1994), the available
data are sufficient to support the proposition that a
broadly comparative developmental criterion can be
useful for determining homologies. In this more inclusive definition of the developmental criterion we can
see that different sets of developmental mechanisms
can be homologous. This is particularly obvious when
both mechanisms are used in the same individual.

Embryonic origins of the lateral line.-Earlier we
mentioned our rather surprising finding that neural
crest contributes to lateral line neuromasts (Collazo et

N = Neural crest

P = Placodes

8

N+P
p

+=Both

Fig. 15. Phylogenetic distribution of embryonic tissue origins
for neuromasts in craniates. Dual embryonic origin for neuromasts
has been described in three taxa studied: siamese fighting fish (Betta
splendens), zebrafish (Dania rerio) and african clawed frog (Xenopus laevis). In a fourth species, the axolotl (Ambystoma mexicanum),
only a placodal origin has been seen so far (Northcutt et al. 1994).
Amniota do not have a lateral line.

al. 1994). Two tissue types, neural crest and placodes,
contribute to the formation of lateral lines though it
remains to be determined if these contributions could
be to two distinct neuromast populations. Such a segregation is unlikely given that not all of the cells in a
given neuromast are always labeled and that both labeled and unlabeled neuromasts are often intermixed
(Collazo et al. 1994). Looking at the data in a comparative and phylogenetic context reveals ~ rather
sparse taxonomic representation of three spectes (two
teleosts and one amphibian): Danio rerio, Betta splendens, and Xenopus laevis (Fig. 15). In another amphibian, the axolotl Ambystoma mexicanum Shaw, a
salamander, it has been clearly demonstrated that the
lateral line is formed by placodes (Northcutt et al.
1994). Although the possibility of a neural crest contribution remains (Northcutt et al. 1995) we assume
that the axolotl lateral line is derived solely from piacodes. Determining whether a dual embryonic origin
for neuromasts is ancestral for vertebrates (Fig. 15)
will require data from more species. The phylogenetic
distribution of lateral line tissue origins for the four
species reveals an analogous situation to that seen in
the neurulation example (Fig. 14, 15). The most par-
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simonious interpretation is a loss of the neural crest
contribution to the neuromast in the lineage leading to
the axolotl. Phylogenetically we describe these absences as losses but developmentallly we do not necessarily mean to infer that there are fewer neural crest
cells or neuromasts. Neural crest cells that formerly
contributed to neuromasts may now form other structures and/or placodal cells may proliferate to compensate. In looking at this and the previous example on
neurulation it is important to remember that phylogenies provide an evolutionary context for comparisons
and may suggest possible transformations but they do
not tell us the biological mechanisms of these transformations (Roth 1991).
The apparent differences in neuromast embryonic
origins provide another example of homologous structures (lateral lines) that appear to develop by different
mechanisms, in this case in the form of different tissue
contributions. We consider lateral line development
homologous because we look across many species to
see the total variation in ontogeny produced during
evolution. The mechanisms may change during evolution but this is expected and does not change the fact
that the different sets of developmental mechanisms
utilized in lateral line formation of different species
are homologous any more than variation in forelimb
morphologies alters the fact they are homologous. This
argument for lateral line development homology does
not even consider the underlying similarity of neural
crest and placodes revealed by their close evolutionary
association (Northcutt and Gans 1983), common ectodermal origin, and ability to compensate for each
other when one is ablated (Kirby 1988a, b). A more
broadly comparative developmental criterion, based on
a deeper understanding of developmental processes
and collected with modern cell and molecular methodologies, provides a powerful criterion for homology.
There is the concern that such a broad application of
the developmental criterion may lead to everything being called homologous but this is not the case (see the
section below on using the developmental criterion to
determine if structures are nonhomologous).
Seductiveness of molecular data.-A potentially powerful way to determine morphological homologies is
to use underlying molecular homologies that may be
involved in the development of a structure (Roth
1984). This approach is subject to misinterpretation,
but when the results are congruent with available nonmolecular data, they provide further support that the
structures are homologous. The involvement of the
same gene (eyeless in the fly Drosophila or Pax-6 in
the mouse) in the development of Drosophila and
mouse eyes, even the ability of the mouse gene's regulatory region to substitute for that of Drosophila, are
remarkable examples of functional conservation

A
Worm

Fly

Mouse

boss

lin-3

Steel

sev

let-23

c-kit

c

B

D

Fig. 16. Homologous genes are not active in homologous tissues.-A. Receptor-ligand pairs of homologous genes in fly, worm
and mouse. Ligand on top and receptor on the bottom. In the figure
the structure of the molecules are known in fly and somewhat in the
worm but not in mouse. The figure shows them all the same because
they share sequence homology. Both the receptor and ligand are
trans-membrane. See the text for references.-B. In the fly the genes
are expressed in the eye.--C. In the mouse the genes are expressed
in many different tissues. See text. --D. In the worm the genes are
expressed in the vulva.

through evolution (Barinaga 1995; Halder et al. 1995;
Quiring et al. 1994; Zuker 1994). Ironically, the eyeless gene of Drosophila was used by de Beer ( 1971)
as an example of a gene that does not support eye
homologies because fly lines with a complete loss of
function mutation in their eyeless gene could regain
their eyes by selection for mutations in modifier genes,
meaning that flies without the eyeless gene product
could still have eyes.
Another example of homologous molecules acting
during development provides reasons to be cautious.
It involves two proteins, a tyrosine kinase receptor and
the receptor's ligand, a transmembrane protein. The
homologous genes (Fig. 16) in four species are (ligand
first): 1) bride of sevenless (boss) and sevenless (sev)
in two Drosophila species (Cagan 1993; Cagan et al.
1992; Hart et al. 1993), 2) lin-3 and let-23 in the worm
Caenorhabditis elegans (Hill and Sternberg 1992), and
3) Steel and c-kit in mouse (Huizinga et al. 1995; Reith
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and Bernstein 1991a; Rottapel et al. 1991). These
genes act as receptor/ligands, are involved in intracellular signal transduction of specific structures, and are
functionally relevant during development. However,
these genes are not expressed in homologous structures (Fig. 16B-D). They are expressed in the fly eye,
in the vulva of the worm, and in many tissues in the
mouse (Motro et al. 1991) including parts of the peripheral nervous system, brain, germ cells, melanocytes and hematopoietic stem cells. The function of
Steel and c-kit in the latter three structures in mouse
is particularly well documented (Geissler et al. 1988;
Reith and Bernstein 1991b). Thus, although across
these species these genes are from homologous families, they are not active in homologous tissues. In fact,
it is not clear that they are the most closely related of
such genes in each species. During evolution these
genes may have been co-opted for use in different
structures, because they provide a ready-made system
for intracellular signal transduction. Roth (1988) terms
this recruitment of genes to a novel developmental
pathway "genetic piracy," providing a strong argument for not reducing homology to a simple correspondence between gene expression patterns and sequence conservation. Molecular homology may yet
provide a basis for morphological homology but only
if the comparisons involve more of the genes involved
in the structure of interest's development.
A possible problem in comparing homology of such
evolutionarily distantly related organisms as worms
and mice is that molecular or morphological divergence during evolution may make such comparisons
difficult. This does not account for the eyeless/Pax-6
based eye homology proposals (Barinaga 1995; Zuker
1994) where evolutionary sequence divergence has
been minimal. In the eyeless example, the genes are
homologous but the structures formed in Drosophila
and mouse, while homologous as light sensing structures, are not homologous as image-forming organs,
supporting the phylogenetic evidence that these structures are convergent (see Nipam Patel's comments in
Barinaga 1995). Within vertebrates, homologues to
Steel and c-kit may well be used in the development
of homologous structures (Lecoin et al. 1995), though
data in Xenopus suggest that this may not be the case
(Baker et al. 1995; Kao and Bernstein 1995). We have
argued that development of homologous structures using different sets of genes can still be homologous if
broader developmental criteria (using more comparative and developmental data) are utilized, but we are
not advocating comparisons among very distantly related taxa where actions of evolution, over such a long
time period, make determination of intermediate conditions difficult. Deciding on which taxa are sufficiently related to warrant such comparisons will vary
among taxa and with the structures and molecules be-
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ing compared. For the relatively limited amount of
molecular data available today to be useful for homology determination, it should probably be applied
together with other analyses of development (i.e., at
the cellular level) as opposed to the initial basis for
this determination.
Using the developmental criterion to determine if
structures are nonhomologous.-We have discussed
how seemingly different developmental mechanisms
can still result in homologous ontogenies. When does
the developmental criterion fail to indicate homology?
The short answer is "when the development of two
structures are dissimilar and discontinuous." Before
considering two ontogenies dissimilar one needs as detailed and up-to-date data on as many phylogenetically
appropriate taxa as are feasible. These data can reveal
similarity where older techniques revealed differences
(i.e., the neurulation example above). A lack of similarity among ontogenies is not a sufficient basis for
calling them nonhomologous. While continuity of information is more often thought of as a feature of phylogenetic data, developmental data can also be continuous. An ontogeny typically consists of many developmental processes at several hierarchical levels (molecular, cellular, and tissue). During evolution
ontogenies may change, but it is unlikely that all the
developmental processes change in unison due to the
hierarchical nature of biological data (Striedter and
Northcutt 1991). This overlap in developmental mechanisms is revealed by the broadly comparative analyses of neurulation and the embryonic origins of the
lateral line we discuss. Without this overlap, one cannot see the continuity expected of ontogenies as they
evolve. A confounding factor for such analyses is homoplasy (convergence and parallelism) but this is a
problem for all homology criteria. The problem of homoplasy may be less severe for the developmental criterion because, unlike the phylogenetic criterion, it
does not appear to worsen as more characters are considered. In conclusion, we would consider two structures to be nonhomologous by the developmental criterion if there was no (or very little) overlap in their
developmental mechanisms and if data from many intermediate taxa were also included in the analysis.
Distinguishing between the phylogenetic and developmental criteria.-We believe that a phylogenetic
perspective is an essential component of any analysis
of development and evolution. However, we do not
want to leave the impression that the developmental
criterion as we restated it is the same as the phylogenetic criterion. There are several differences, mostly
analogous to the argument made by transformational
cladists that evolutionary assumptions are not necessary for cladistic theory (Patterson 1980). While technically correct, this is not a desirable goal for many
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systematists (Charig 1981). Using Fig. 12 as an example, we illustrate how a developmental criterion
could be used without phylogenetic information. In
previous sections we have discussed how ontogenies
consisting of different developmental mechanisms can
still be homologous. That different ontogenies share
one of up to five developmental mechanisms (indicated by letters in Fig. 12), is sufficient to indicate either
some similarity and, therefore, the possibility that they
originate from a common source, or that different
mechanisms have been recruited by "piracy." This
similarity allows one to determine that the development of six of seven taxa are homologous. While the
developmental criterion divorced of systematic relations can not determine the polarity of the changes it
may still be useful in determining homologies. Taxon
7 (Fig. 12) does present a problem for the use of this
criterion that needs to be addressed by either more
developmental studies (to determine if this developmental mechanism really is distinct) or the use of another criterion, such as phylogeny. The purpose of this
exercise is not to advocate using the developmental
over the phylogenetic criteria (although some workers
have, see Goodwin 1994), since the evolutionary context provided by phylogenetic data allows for more
than just the determination of homology, but rather to
advocate that the developmental criterion not be ignored.

Conclusions.-The developmental criterion for homology must be broadly comparative and attempt to
integrate results of modern cellular and molecular approaches. By looking at more and better-chosen species, possible intermediate states of developmental
processes can be described. Current developmental
methodologies may show similarities between developmental processes that were previously thought to be
nonhomologous (such as neurulation or eye development), or allow for a more inclusive definition of homologous ontogenies by considering their underlying
developmental processes in sets. Wagner (1989b) has
stated that for homology to be meaningful the characters compared must have a minimal degree of complexity, differentiation and genetic/epigenetic autonomy; three properties of what he calls "individuality."
Individualization is required no matter which criterion
for homology is utilized (Wagner 1989a, b). It is not
sensible to determine the homologies of structures that
are not individualized, which is especially obvious in
serially homologous structures (Wagner 1989b). Some
examples of unproductive comparisons are determining homologies of specific foliage leaves among tree
species (Wagner 1989a), individual bone Haversian
systems (Patterson 1982, p. 47), tooth cusps in mammals (Van Valen 1982), and individual phalangeal elements in the forelimbs (Wagner 1989a and our fore-

limb example). Wagner (1989a b) provides good explanations of and methods for determining individuality and we refer the reader to his work. Genetic and
molecular approaches to developmental biology will
help in deciding which structures are individualized.
Conflicts between criteria for determining homologies
(Wagner 1989a) and the more detailed understanding
of development resulting from our use of the developmental criterion may help further in determining individuality. However, given a broader comparative approach and more detailed developmental data, we
would expect the developmental and phylogenetic criteria to almost always be congruent, a testable proposal. Homology remains a challenging concept for
morphologists, but by incorporating more developmental data, the concept's utility will be strengthened.
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